The measurement of sediment-water exchange of gases and solutes in aquatic sediments provides data valuable for understanding the role of sediments in nutrient and gas cycles. After cores with intact sediment-water interfaces are collected, they are submerged in incubation tanks and kept under aerobic conditions at in situ temperatures. To initiate a time course of overlying water chemistry, cores are sealed without bubbles using a top cap with a suspended stirrer. Time courses of 4-7 sample points are used to determine the rate of sediment water exchange. Artificial illumination simulates day-time conditions for shallow photosynthetic sediments, and in conjunction with dark incubations can provide net exchanges on a daily basis. The net measurement of N 2 is made possible by sampling a time course of dissolved gas concentrations, with high precision mass spectrometric analysis of N 2 :Ar ratios providing a means to measure N 2 concentrations. We have successfully applied this approach to lakes, reservoirs, estuaries, wetlands and storm water ponds, and with care, this approach provides valuable information on biogeochemical balances in aquatic ecosystems.
Introduction
Sediments are critical biogeochemical components of aquatic ecosystems and often are important sinks of nutrients and contaminants. Pioneering studies of nutrient, gas and transition metal biogeochemistry in lacustrine sediments revealed sediment exchange of solutes and gases with overlying water that had varying redox conditions 1, 2 . For nutrient elements, sediments can be a source of phosphorus and fixed nitrogen after remineralization of organic matter, and a sink for oxygen in non-photosynthetic environments 3, 4 . Photosynthesis of submerged macrophytes, macroalgae and benthic microalgae can have profound influences on the exchange of dissolved substances across the sedimentwater interface 5, 6 .
Measurements of the exchange of solutes and gases across the sediment-water interface are carried out for both basic science and applied science purposes, including calibration of engineering and scientific water quality models 7, 8 . The goal of these methods, to the greatest extent possible, is to provide reliable and accurate sediment-water exchange rates. A wide variety of approaches have been used to assess chemical exchange at the sediment-water interface. Bottom water accumulation of gases and solutes in stratified systems can be useful 9 , but is not valid for sediment-water exchange above thermoclines or pycnoclines. Eddy correlation requires high frequency measurements of gases, generally oxygen, combined with high frequency measurement of vertical water velocities; this technique has enormous promise but currently cannot provide data for nutrient exchange studies. In situ domes or chambers are a highly preferred method, with the advantage of covering a larger surface area of sediment and maintaining in situ temperatures, deep-water pressures and light levels 10 . In practice, these are very expensive measurements requiring extensive time on larger research vessels; most applications are deeper coastal zone or oceanic sediments. Core incubation techniques using flow through chambers that reach steady state are excellent for maintaining relatively constant overlying water chemistry, including oxygen, during incubations 11 . Because the rate is determined at steady state by concentration differences between inflowing and outflowing water, and by water exchange rates, these incubations can take a considerable amount of time.
The time-course core incubation approach used by our laboratory was adapted from approaches used by a number of different laboratories in North America and Europe, and there is a considerable amount of literature based on this general approach. We adapted this approach to the measurement of N 2 -N fluxes 12 , often referred to as denitrification, and have applied it to photosynthetic and non-photosynthetic sediment environments, including estuaries 13 , lakes, reservoirs, and wetlands 14 . Through these studies we have found many environments in which our overall approach works well, and some in which it does not. The measurement of denitrification has been carried out in many different terrestrial and aquatic environments because this process represents a key loss of nitrogen to ecosystems. Numerous approaches have been used to make denitrification measurements, some direct and some indirect , and other factors that are key elements of making good measurements. For example, if cores are collected from areas which receive sufficient illumination for the growth of benthic microalgae, it is necessary to devise experiments that include both dark and light conditions 21 . Similarly, adding oxygenated overlying water to anoxic cores does not replicate field conditions. Experimental enclosure of any part of aquatic ecosystems may lead to unavoidable artifacts 22 ; it is critical that the approaches used in a sediment-water exchange measurement program 1) recognize the factors controlling sediment-water exchange in each ecosystem and 2) minimize artifacts derived from experimental manipulation.
Protocol
Note: The collection of cores with undisturbed sediment-water interfaces is essential to making good experimental measurements of exchange; highly-disturbed cores are likely to exchange pore water solutes with overlying water and have enhanced uptake of oxygen via the oxidation of Fe(II) and reduced sulfur compounds. In this paper, we emphasize sediment incubation procedures of sediments with only a cursory inclusion of sediment sampling techniques and chemical analyses of solutes and gases. Prior to sampling, or based on initial results, determine the degree of replication by the overall project needs, statistical design or expected amount of small scale spatial variability. Duplicate cores are the minimum used by many studies and triplicates are useful for allowing a better statistical analysis.
4. Bubble cores with air for a minimum of 2 hr to ensure thermal equilibrium and full oxygenation of overlying water. They may be kept overnight and time courses initiated the next morning. Longer pre-incubation periods have not been evaluated for efficacy. 1. For aeration, use a small "T" bubbler consisting of ½" PVC pipe with a three way coupler; a 1/8' tube inserted to the bottom of the T results in entrainment of water upward during bubbling and ensures not only oxygenation, but circulation of the water in the core with water in the incubation tub.
Sediment-water Incubation Procedures
1. After checking the temperature to ensure it matches the field conditions, attach spinning tops to the tops of the cores. At this point, seal the core from the tank water. Leave the sampling valve on the core open during this process. Manually sweep any air bubbles gently from the bottom side of the spinning top. 2. Elevate the replacement water carboy ~30-40 cm higher than the tops of the incubation cores and drain the lines downward to eliminate any air in the line. While still flowing, attach the lines to the core tops and close the valves. 3. Turn on the central stirring turntable and adjust the rotation speed so that cores rotate ~40 times per minute, or at a rate that is sufficient to mix the water column but not resuspend the sediment. 4. Approximately 5 min after all cores are sealed, open the replacement water valve and the sample valve, and then attach a short piece of tubing to the sample valve using a Luer fitting. Place this sampling tube in the bottom of a 7 ml glass tube, which is filled to overflowing. Prior to capping the tube, add 10 µl of 30 g L -1 HgCl 2 as a preservative.
1. Store these samples underwater at temperatures close to the incubation temperature. Other laboratories have successfully used 12 ml "Exetainers" for sample storage.
5. For solute sampling, attach a 20 ml syringe barrel to the sample valve and open the replacement water valve. The syringe barrel fills until full using only gravity. Attach a plunger and a filter disk, and then filter the samples into vials. These samples for nutrient analysis are frozen at -20 °C until analysis. Note: The time course of sampling in the dark typically involves 4 sampling periods with the intervals between sampling ranging from 0.5 to > 2 hr, depending on the rate of oxygen uptake. With low rates of oxygen uptake, the time intervals are long; in sediments with high rates of respiration, intervals need to be short. Excessively high volumes of sample taken at each sample point may result in sampling too big a proportion of the whole sample volume; in our work these sample volumes result in a negligible correction. If greater volume of sample is needed, larger diameter cores or an increased water column height may be necessary. 6. Do not proceed with a time course of sampling below a threshold of 50% oxygen depletion, with oxygen depletions of 25% usually providing sufficient signal in nutrient concentrations. Here, use calibrated optodes for direct analysis of oxygen concentrations and oxygen saturation. 1. If the sediments are from shallow, illuminated environments, at the 4 th sampling, turn on the lights and take 3 subsequent samples.
Note that in highly photosynthetic sediments, supersaturation of O 2 and bubble formation limits the measurement of gas fluxes in some cases. The continual monitoring of oxygen is an increasingly viable and valuable alternative, with fiber optic measurement technology having relatively small probes that are highly reliable and precise.
7. At the conclusion of the sediment incubations, either measure the height of the water column or siphon the water column in to a graduated cylinder to directly determine the water volume, and take photos of each core.
Sample Analysis
1. Pump samples for the analysis of N 2 , O 2 and Ar into a membrane inlet mass spectrometer, and determine the ratios of N 2 :Ar and O 2 :Ar to < 0.03% precision 12, 23 . 1. Couple a quadrupole mass spectrometer to a membrane inlet. Push the sample into the membrane tubing using a peristaltic pump.
Collect the sample waste in a plastic carboy and treat as chemical waste due to the Hg preservative. Calibrate with deionized water equilibrated with air at the temperature of incubation.
2. Perform nutrient analyses manually on ≤ 5 ml samples or on smaller volumes using automated analyzers. Upon sample thawing, start analyses immediately. The choice of nutrient analysis procedure must yield a precision sufficient to observe changes in nutrient concentration during incubation. Typical detection limits are < 0.05 µmol L -1 and time course trends can be difficult to observe under both extremely low and extremely high nutrient concentrations. 1. For colorimetric analyses of soluble reactive phosphorus, use the ascorbic acid phosphomolybdate technique. For the ammonium analyses, utilize an overnight color development using a phenol hypochlorite reagent 24 . Automated colorimetric analyses, either using segmented flow or a discrete analyzer, are a great alternative and utilize lower sample volume. 2. For analyses of nitrate plus nitrite, utilize overnight color development using vanadium chloride as a reductant 25 , or use an automated analyzer 3. Compare absorbances determined on a UV/VIS spectrophotometer to standard curves and determine concentrations from a regression of standards concentrations and absorbances. ).To estimate the daily flux, multiply the illuminated rate by the hours of light and add to the dark rate multiplied by the hours of darkness.
Calculation of Sediment-water Exchange Rates

Reporting
1. When reporting results from sediment-water exchange measurements, provide sufficient information for other scientists to understand the environment that has been sampled. Essential information includes: 1) site location and water depth, 2) physical characteristics such as field and incubation temperature, and PAR, 3) bottom water characteristics such as oxygen, nutrient concentrations and salinity, and 4) sediment characteristics such as grain size, organic matter concentrations, and the presence of benthic animals.
Representative Results
Results from sediment flux measurements near an aquaculture facility on the Choptank River (Chesapeake Bay, MD) are shown in Figure 1 and the interpretation of these results in an ecosystem context are presented elsewhere 26 . The incubations were carried out over 7 hours, with dark incubations followed by illuminated incubations data. Data from two cores are shown as well as the water column only control. The rapid decrease in oxygen in the dark was attenuated somewhat by illumination; the photosynthesis rate of microalgal production was not as high as respiration, with the main effect of illumination being a decreased rate of change of oxygen. The control core experienced small decreases in oxygen concentration in the dark and small increases in the light.
The N 2 concentrations were determined by the N 2 :Ar ratio and the calculated Ar saturation literature values for the observed temperature and salinity 27 . At a typical precision of 0.02% for the N 2 :Ar ratio, these data are precise to ~0.1 µmol L -1 N 2 . The sediment cores and the water column blank cores had increases in N 2 over time, with much higher rates of increase for the cores. Under illumination, slopes were generally similar to the dark rate of N 2 change.
Fluxes of dissolved NH 4 + were quite high at this site, with dark increase of > 20 µmol L -1 for one core. Illuminated NH 4 + fluxes were much lower. significant for values > 0.9025 (P < 0.05). Slopes are determined by linear regression and corrected slopes are determined by subtracting the rate of change of the water column only blank. Positive rates are net fluxes out of the sediment, negative rates indicate flux into the sediment. All concentrations for NH 4 + and NO 2 -are µmol L
Discussion
The technique described here has been applied to numerous kinds of aquatic systems, both shallow and deep, and we have found it to work well in most circumstances. This approach was adapted from approaches used by colleagues and presented in the literature; it is optimized for the measurement of denitrification via membrane inlet mass spectrometry. One of the strengths of this approach is the ability to handle a large number of cores simultaneously. Replicating each site with duplicate or triplicate cores increases the confidence in measurements, though an alternative approach is to maximize sites with less replication, under those circumstances the average value for an environmental segment may be more representative of the variability in nature. For elucidating seasonal differences, a measurement time series at a fewer number of sites may be a useful strategy.
In this protocol, there are several critical steps. Paramount to making successful measurements is the collection of cores with an intact sedimentwater interface. Although rejecting cores that do not meet this criterion in the field can be tiring, poor cores will lead to poor accuracy and precision. Keeping aerobic cores aerated and close to the original collection temperature will minimize artifacts and maintain healthy, intact microbial and metazoan populations. Finally, for O 2 and N 2 samples, the addition of mercuric chloride preservative is critical. We have observed that improper preservation of gas samples, including excessive heating and cooling of the vials, can compromise these flux measurements.
Other laboratories have successfully employed 7.0 M ZnCl 2 as a less toxic preservative that has lower waste disposal costs; for a 7 ml sample a 30 μl addition is appropriate.
The precise and accurate analysis of the ratio of N 2 and Ar is key to the determination of the N 2 fluxes. Observed N 2 :Ar ratios change as a function of the oxygen concentration leading some investigators to advocate oxygen removal prior to analysis, generally using heated copper 28 . The instrumentation used in our laboratory was used to determine the effect of oxygen on N 2 :Ar ratios 23 and the effect was found to be very small, < 0.03% for modest oxygen depletion. Differences in the approach to assessing the oxygen "effect" appear to lead to different conclusions by different investigators 23, 28, 29 . A large oxygen effect on N 2 :Ar ratios would lead to erroneously high rates of N 2 -N efflux; in our experience, we have many observations of negligible N 2 -N efflux under high rate of oxygen depletion. In labs in which the oxygen effect on N 2 :Ar ratios appear large, a useful alternative is the independent measurement of oxygen concentrations using electrodes or optodes and oxygen removal from the mass spectrometric analysis using inline heated Cu.
Troubleshooting this technique is possible only upon examination of the sediment flux data. Key factors to consider when regressions are poor are whether stirring was continuous, samples were collected and preserved correctly, and whether time courses were too short to allow estimation of low rates. The length of experiments generally is set by the oxygen time course, with low rates of metabolism requiring longer incubations to increase the signal to noise ratio embedded in the time course regressions. High rates of oxygen production that yield O 2 bubbles make gas fluxes difficult, but solute fluxes may be unaffected.
It is necessary to understand the limitations of this approach. The small cores cover 0.3% of a square meter and the larger cores cover 0.6%. In sites with substantial heterogeneity at the meter scale, heterogeneous distributions of animals or plants may suggest that one or two cores may not be a sufficient representation. There are also some environments that present measurement difficulties. For the measurement of denitrification, the presence of methane or oxygen bubbles may invalidate the technique, with N 2 :Ar ratios influenced by differential incorporation of gases into the bubbles. In sediment colonized by benthic microalgae, the formation of oxygen bubbles results in a preferential stripping of N 2 relative to Ar, and decrease in the N 2 :Ar ratio. In general, we cannot measure denitrification at the point where bubbles form. Anaerobic environments pose different challenges, and aeration of cores changes the redox dynamics at the sediment-water interface. We seal up cores with stirring tops immediately after collection and start the fluxes without replacing the water column completely 30 . Our experiments with illuminated sediments typically have saturating or near-saturating levels of illumination 31 , and thus maximize the effect of benthic microalgae. Sediment-water exchange measurements are a measurement of the net flux of materials across the sediment-water interface. However, these measurements alone often cannot identify the mechanisms controlling these interfacial exchanges. If the research question involves understanding mechanisms, other information on organic matter reactivity, terminal electron acceptor zonation, bioirrigation and bioturbation, and photosynthetic organisms may be necessary. Modeling efforts 7 may require determination of pore water chemistry, direct measures of organic matter reactivity 32 , enumeration of animal populations, sediment bio-irrigation, sediment accretion, or experimental manipulations of redox or overlying water chemistry 13 . In our studies, good sediment-water exchange data is a key component of understanding the chemistry of aquatic sediments, and in conjunction with other measurements, identifies the role of sediment recycling processes in aquatic biogeochemical cycles.
With care regarding sediment handling, temperature control, and water column mixing, core incubations are a useful approach to the estimation of the exchange of solutes and gases at the sediment-water interface. However, the techniques used here may need modification for some environments and for difficult logistics, such as extended time periods before incubation. Thus far, we have successfully applied this incubation approach to estuarine, coastal, wetland, lake, reservoir, river and retention pond environments with minimal modification.
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